Recent studies have demonstrated considerable genomic heterogeneity in both primary and metastatic renal cell carcinoma (RCC). This mutational diversity has serious implications for the development and implementation of targeted molecular therapies. We evaluated 39 cases of primary RCC tumors with their matched metastatic tumors to determine if the hallmark chromosomal anomalies of these tumors are preserved over the course of disease progression. Thirty-nine matched pairs of primary and metastatic RCCs (20 clear cell RCC, 16 papillary RCC, and 3 chromophobe RCC) were analyzed. All clear cell RCC and papillary RCC tumors were evaluated for chromosome 3p deletion, trisomy 7 and 17 using fluorescence in situ hybridization. Chromophobe RCC tumors were evaluated for genetic alterations in chromosomes 1, 2, 6, 10, and 17. Of the 20 clear cell RCC tumors, 18 primary tumors (90%) showed a deletion of chromosome 3p and were disomic for chromosomes 7 and 17. All molecular aberrations were conserved within the matched metastatic tumor. Of the 16 papillary RCC tumors, 10 primary tumors (62%) showed trisomy for both chromosomes 7 and 17 without 3p deletion. These molecular aberrations and others were conserved in the paired metastatic tumors. Of the three chromophobe RCC tumors, multiple genetic anomalies were identified in chromosomes 1, 2, 6, 10, and 17. These chromosomal aberrations were conserved in the matched metastatic tumors. Our results demonstrated genomic fidelity among the primary and metastatic lesions in RCCs. These findings may have important clinical and diagnostic implications.
Renal cell carcinoma (RCC) is a genetically heterogeneous disease with a wide spectrum of genetic and chromosomal aberrations, initially identified in the neoplastic tissues of both familial and sporadic clear cell and papillary RCC decades ago. [1] [2] [3] [4] This mutational diversity currently has profound implications for treatment of metastatic RCC using targeted molecular therapies. Since the introduction of targeted therapies for the treatment of metastatic RCC, an understanding of genetic events occurring from the primary lesion to the metastatic lesion is paramount.
Elucidation of the genetic changes in the metastatic lesions compared with the matched primary tumor may help to understand the basic genetic evolutions that may be seen in the development of the metastatic lesion. The targeted genetic alterations are correlated with the driving cytogenetic abnormalities in the primary tumor and as such, investigation into the cytogenic relationships between primary and metastatic lesions may help further the targeted therapies for late metastatic lesions that can present with altered morphology, high-grade features, and challenging diagnoses. [5] [6] [7] [8] [9] [10] [11] In the era of targeted therapies, this consideration has utmost importance for correctly assigning patients for enrollment in clinical trials. 8, 9 Despite these implications, there is a paucity of studies examining such corresponding genetic patterns. Through the examination of the cytogenetics of metastatic deposits, we may gain an in-depth understanding of the evolution of major driver genetic mutations and drug resistance mechanisms. [10] [11] [12] [13] To better understand the relationship between primary and metastatic clonal relationships in RCC, we undertook a study to examine cytogenic relationships between primary and metastatic lesions. We evaluated 39 cases of primary RCC, including clear cell, papillary, and chromophobe subtypes, and matched metastatic tumors to determine if the hallmark chromosomal anomalies of these tumors are preserved over the course of cancer progression.
Materials and methods
Thirty-nine patients with primary and metastatic RCC diagnosed between 2004 and 2014 were retrieved from the surgical pathology files. Histologic slides were reviewed, and the tumors were classified according to the 2016 World Health Organization classification system. 14 The hematoxylin and eosin slides of these cases were reviewed and appropriate tumor blocks from metastatic sites were selected for cytogenetic studies. The 2010 tumor, lymph node, and metastasis (TNM) classification system was used for pathologic staging. The International Society of Urological Pathology tumor grading system was used in our study. 15 For metastatic lesions, variables included location and time of presentation. Patient characteristics included gender and age. Outcome variables included subtype cytogenetic anomalies of the matched primary and metastatic tumors and their concordance. This research was approved by the Institutional Review Board.
Fluorescence in situ hybridization (FISH) analysis was performed as previously described. [16] [17] [18] [19] [20] Briefly, multiple 4 μm sections were obtained from formalinfixed paraffin-embedded tissue blocks containing neoplastic tissue. The FISH analysis was performed independently by two pathologists in a doubleblinded manner without knowledge of tumor type or tumor pairing. Only one block was chosen, which was most representative of tumor. A hematoxylin and eosin-stained slide from each block was examined to identify areas of neoplastic tissue for FISH analysis. The slides were deparaffinized with two washes of xylene, 15 min each, and subsequently washed twice with absolute ethanol, 10 min each, and then air-dried in a fume hood. Next, the slides were treated with 0.1 mM citric acid (pH 6.0) (Zymed, South San Francisco, CA, USA) at 95°C for 10 min, rinsed in distilled water for 3 min, followed by a wash of 2 × standard saline citrate (SSC) for 5 min. Tissue digestion was performed by applying 0.4 ml of pepsin (Sigma, St Louis, MO, USA) solution (4 mg/ml in 0.9% NaCl in 0.01N HCl) to each slide and incubating the slides in a humidified box for 40 min at 37°C. The slides were rinsed with distilled water for 5 min, washed with 2 × SSC for 5 min, and then air-dried.
The alterations in chromosomes 7 and 17 were assessed using a probe cocktail containing probe CEP7 (green) and CEP17 (orange). The CEP7/CEP17 probe set and CEP Y (Green) probe were diluted with tDenHyb1 (Insitus, Albuquerque, NM, USA) in ratios of 1:50 and 1:100, respectively. Centromeric probes for chromosomes 1, 2, 6, 10, and 17 (Vysis, Downers Grove, IL, USA) were used to access the chromosome copy numbers. Each probe was diluted 1:50 in tDenHyb1 buffer (Insitus). Deletion of chromosome 3p was assessed using a probe cocktail containing BAC clone probe to chromosome 3p25 (RP11-572 M14, Green; Empire Genomics, Buffalo, NY, USA) and CEP3 (CEP3-Orange; Abbott, Downers Grove, IL, USA). The 3p25/CEP3 probe set were diluted with tDenHyb2 (Insitus) in ratios of 1:50.
The diluted probe (5 μl) was applied to each slide under reduced light conditions. The slides were then covered with a 22 × 22 mm cover slip and sealed with rubber cement. Denaturation was achieved by incubating the slides at 83°C for 10 min in a humidified box and hybridization at 37°C overnight. The cover slips were removed, and the slides were washed twice with 0.1 × SSC/1.5 M urea at 45°C (20 min for each), followed by a wash with 2 × SSC for 20 min, and with 2 × SSC/0.1% NP-40 for 10 min at 45 ºC. The slides were further washed with 2 × SSC at room temperature for 5 min. The slides were air dried and counterstained with 10 μl 4,6-diamidino-2-phenylindole (Insitus), covered with cover slips, and sealed with nail polish.
The hybridized slides were observed and documented using a MetaSystem FISH system (MetaSystem, Newton, MA, USA) under × 100 oil objective. The images were acquired with a CMOS camera and analyzed with MetaSystem Isis software (MetaSystem). The following filters were used: SP-100 for DAPI, FITC MF-101 for Spectrum Green, and Gold 31003 for spectrum gold signals. Signals from each color channel (probe) were counted under false color, with computerized translation of each color channel into blue, green, and red. Four sequential focus stacks with 0.3-μm intervals were acquired and integrated into a single image to reduce thickness-related artifacts.
Analysis was performed in a manner similar to that previously described. 18, [20] [21] [22] [23] [24] In brief, for each slide 100-150 nuclei from tumor tissue were scored for probe signals under the fluorescence microscope with × 1000 magnification. Definitions of chromosomal trisomy for chromosomes 7 and 17 were based on the Gaussian model and were related to the nonneoplastic renal cortex control cell signals. The cutoff values were set for each probe at the mean plus 3 standard deviations of the control values.
Chromosome Y deletion was defined as ≥ 50% of the cells' loss of chromosome Y signal. The method of analysis for chromosomal deletions in chromophobe RCC was based on previous studies, 24 and on chromosome deletions at 1p and 19q in oligodendrogliomas. 25, 26 The cutoff value for chromosomal deletion was defined as ≥ 50% of counted cells demonstrating loss of designated signal. 16, 24 The method of analysis for 3p25 deletion was based on previous studies of chromosome deletions at 1p and 19q in oligodendrogliomas. 25, 26 The cutoff value for 3p deletion was defined as a 3p25/CEP3 ratio of ≤ 0.7. Chromosome 3p deletion was considered to be characteristic of clear cell RCC, deletion of chromosome 1, 2, 6, 10, and 17 were considered molecular features of chromophobe RCC, and trisomy of chromosomes 7 and/or 17 was considered characteristic of papillary RCC. 18, 24, 27, 28 
Results
The study cohort consisted of 39 patients with matched primary and metastatic RCC. The male to female ratio was 1.8:1 and the mean age was 60 years at the time of primary nephrectomy (median, range: 60, 46-82 years, respectively). Tumors were classified as clear cell RCC (n = 20), papillary RCC (n = 16), and chromophobe RCC (n = 3), respectively. The mean primary tumor size was 9.9 cm (median, range: 10.0, 2.5-21 cm, respectively). Pathologic stage was T1 (n = 2), T2 (n = 6), T3 (n = 30), and T4 (n = 1). Sarcomatoid and rhabdoid features were present in six and two cases, respectively. At the time of nephrectomy synchronous metastases were present in 18 patients. The remainder developed metachronous metastases over a mean period of 4.1 years (median, range: 3.4, 0.6-15.8 years, respectively). The metastatic sites included bone (n = 10), lymph nodes (n = 10), pleura (n = 1), lung (n = 10), visceral (n = 5), soft tissue (n = 3), and mediastinum (n = 1) ( Table 1) .
We reviewed all of the nucleolar grades for all cases and found that it showed consistent nucleolar grade between primary and metastatic tumors. Eight primary tumors had a sarcomatoid component, and the sarcomatoid component was found in four paired metastatic tumors, including two paired clear cell RCCs, one paired papillary RCC, and one paired chromophobe RCC. Although the scope of the study was not to assess the intratumoral genomic heterogeneity, it is noteworthy we did find that the cells with the chromosome 3p deletions were inconspicuous in some areas other than a few single tumor cells; it never reached a degree as to alter the chromosome 3p results.
Clear Cell RCC
A total of 20 patients with matched primary and metastatic clear cell RCC were included in the subset cohort. The male to female ratio was 1.1:1 and the mean age was 60 years at the time of primary nephrectomy (median, range: 60, 46-82 years, respectively). The mean primary tumor size was 10.2 cm (median, range: 9.8, 2.5-21 cm, respectively). Pathologic stage was T1 (n = 1), T2 (n = 2), and T3 (n = 17). Nucleolar grade was 2 (n = 6), 3 (n = 9), and 4 (n = 5). Sarcomatoid and rhabdoid features were present in three and two cases, respectively. Synchronous metastases were present in 8 patients and the remaining 12 patients developed metachronous metastases over a mean of 3.8 years (median, range: 3.8, 0.6-8.9 years, respectively). The metastatic sites included bone (n = 7), pleura (n = 1), lung (n = 6), visceral (n = 2), soft tissue (n = 3), and mediastinum (n = 1) ( Table 1) . Of the 20 primary clear cell RCC tumors 18 (90%) showed a deletion of chromosome 3p. When matched for primary and metastatic site, all 20 samples displayed the same abnormality (100% concordance). All primary clear cell RCCs were disomic for chromosomes 7 and 17 (Figures 1 and 2) . One patient had bilateral synchronous metastatic tumors to the lung, 0.6 and 2.0 years after primary nephrectomy. Both metastatic lesions had a 3p deletion, disomic for chromosomes 7 and 17, and were concordant with the primary tumor. Overall, there was genomic fidelity among primary and metastatic lesions regardless of clinicopathological features of the primary lesion or of the time of development or location of metastasis.
Papillary RCC
A total of 16 patients with matched primary and metastatic papillary RCC were included in the subset cohort. The male to female ratio was 3:1 and the mean age was 61 years at the time of primary nephrectomy (median, range: 62, 46-76 years, respectively). The mean primary tumor size was 10.2 cm (median, range: 10.5, 3.5-18 cm, respectively). Pathologic stage was T1 (n = 2), T2 (n = 4), T3 (n = 9), and T4 (n = 1). Nucleolar grade was 2 (n = 4), 3 (n = 9), and 4 (n = 3). Sarcomatoid features were present in three cases. Synchronous metastases were present in eight patients and the remaining eight patients developed metachronous metastases over a mean of 5.2 years (median, range: 4.2, 0.8-15.8 years, respectively). The metastatic sites included bone (n = 2), lymph nodes (n = 9), lung (n = 3), and visceral (n = 2) ( Table 1 ).
In the papillary RCC cohort, 10 of the 16 papillary RCC tumors (62%) showed trisomy for both chromosomes 7 and 17 without chromosome 3p deletion. The other tumors showed disomy for both chromosomes 7 and 17 (n = 4), and polysomy for both chromosomes 7 and 17 (n = 2). These molecular aberrations were conserved in the 16 paired metastatic tumors (Figures 1 and 3 ). Y chromosome status was consistent between primary and metastatic papillary RCC. Overall, there was genomic fidelity among primary and metastatic lesions regardless of clinicopathological features of the primary lesion or of the time of development or location of metastasis. 
Chromophobe RCC
A total of three patients with matched primary and metastatic chromophobe RCC were included in the subset cohort. The male to female ratio was 2:1 and the mean age was 50 years at the time of primary nephrectomy (range 47-57 years). The mean primary tumor size was 9.4 cm (range 7.4-12.2 cm, respectively). Pathologic stage was T2 (n = 1) and T3 (n = 2). Sarcomatoid features were present in one case. At the time of nephrectomy metastases were present in two patients. The remaining patient developed the metastatic lesion after 1.5 years. The metastatic sites included bone (n = 1), lymph nodes (n = 1), and visceral (n = 1) ( Table 1 ).
In the chromophobe RCC cohort, several genetic alterations were identified in chromosomes 1, 2, 6, 10, and 17 ( Figure 4 ). Deletion of chromosome 1 was seen in one case, deletion of chromosome 6 in two cases, and deletions of chromosome 2 and 17 were seen in all cases. Overall, there was genomic fidelity among primary and metastatic lesions regardless of clinicopathological features of the primary lesion or of the time of development or location of metastasis.
Discussion
RCC comprises a heterogeneous group of epithelial neoplasms with diverse biological behaviors. Prognosis of RCC is limited by the development of metastases, which is present in 20-30% at the time of diagnosis. Five-year survival rates range from 50 to 85% for organ confined RCC; however, patients with distant metastases have a 5-year survival of 5-10%. The most common sites of metastatic RCC are lung, liver, and bone; however, the metastatic behavior of these epithelial neoplasms is unpredictable with often unusual sites of metastasis and with late presentation. 1-3,29 Intratumor heterogeneity may foster tumor evolution and adaptation leading to important consequences for personalized-medicine approaches that commonly rely on a single biopsy to assess the mutational landscape. [30] [31] [32] [33] Recent studies have demonstrated multiple subclones found in different regions of the same tumor, suggesting evolution in a branched rather than in a linear fashion. 10, 12, [34] [35] [36] In fact, the subclonal drivers represented the largest group of mutations and suggested a corresponding role in adaptation during disease development. The FISH test has the limitation that it has no global view of chromosomal alterations and only detect the chromosomal alterations that involve 1-3 MB of DNA sequence by a designated probe; it cannot detect genomic alterations involving small genetic lesions, such as point mutations and short segment gains or losses; and it is not suitable for screening cytogenetically heterogeneous diseases. However, the methodology is sensitive in detecting chromosome numerical and copy number alterations, and the types of detectable alterations tend to be stable and may evolve in a tumor's lifetime.
Additionally, recent studies have shown heterogeneity within regions of somatic mutations in primary and metastatic RCC tumors. These studies have shown significant branched evolution of the driver mutations commonly seen in clear cell RCC. However, for clear cell RCC there was also a common truncal driver alteration, which was conserved in the tested samples and showed the ubiquitous alteration in the trunk of the phylogenetic tree related to events on chromosome 3p (3p deletion or VHL mutation/ methylation) during the course disease progression. 34, 35, 37 Jones et al 38 studied clonal divergence in clear cell RCC with sarcomatoid transformation showing a genetic divergence from a common progenitor cell. Additional studies showed that within the genetic heterogeneity of these sarcomatoid tumors, the most frequently mutated cancer drivers are those characteristically mutated in clear cell RCC. Sarcomatoid clear cell RCC harbored VHL mutations and somatic mutations linked to chromosome 3p and were shared between matched carcinomatous and sarcomatoid elements of clear cell RCC. 34, 37, 39 Our study shows concordant 3p deletions between matched primary and metastatic tumors of five clear cell RCC tumors with sarcomatous features (ranging from 10 to 90% of tumor). These findings also expand the concept of genomic evolution of clear cell RCC with retained ubiquitous alterations in the trunk of the phylogenetic tree to include development of metastatic lesions from sarcomatous primary clear cell RCC. The clinical use of the cytogenetics for difficult subtyping and differential diagnosis of metastatic tumors is also supported by these findings. 29 Chromosome 3p deletions are found in 70-90% of clear cell RCC, rarely found in other RCC subtypes and are considered a predominant truncal driver necessary to initiate the primary events. 39 In this study we found a similar prevalence of 3p deletions in the clear cell RCC subtype cohort (90%). Similarly, 62% of in the papillary RCC subtype cohort showed trisomy of chromosome 7 and 17, which are known genetic alterations of this subtype and not commonly found in other subtypes. We did not observe aneuploidy other than trisomy 7 and 17. In the chromophobe RCC subtype cohort, genetic alterations were seen in all three tumors, which are commonly seen at chromosome 1, 2, 6, 10 13, and 17. 5 The results showed 100% concordance of the driver genetic abnormalities in each tumor among all subtypes in a sizable, heterogeneous cohort of patients. The concept of conserved driver chromosomal aberrations in RCC despite the wide landscape of intratumoral genetic heterogeneity is supported by the findings of this study. 34, 35, [40] [41] [42] The study supports the rationale of using cytogenetics in a metastatic RCC lesion for differential diagnosis of the primary. As aforementioned, such accurate classification is immensely important as different subtypes portend divergent prognoses and manage with disparate treatment algorithms. 1, 29 The clinical use of the cytogenetics for differential diagnosis of metastatic tumors lacking primary tissue is supported by the concordance of the driver chromosomal aberrations. This can also be of use in metastatic lesions, which may present as tumors of unknown origin, or with a prior history of RCC in the absence of a known histologic subtype. In the metastatic context, fine needle aspiration specimens can be particularly challenging due to limited material for aspiration. 29, [43] [44] [45] As noted in a recent study, however, FISH can often be performed using very limited tissue obtained by cytopathologic fine needle aspirations of metastatic and primary RCC tumors. 46 The current study provides additional insight in the heterogenetic evolution of the metastatic lesion in clear cell RCC based on the chromosomal alterations. This study demonstrates that truncal concordance of the primary and metastatic driver genetic mutations is maintained whether metastases are synchronous or develop early or late in the course of disease (ranging from a year to decade later). These findings expand the concept of genomic evolution of RCC over a long period of metastatic tumor evolution. In other words, these metastatic tumors also maintain ubiquitous alterations in the trunk of the phylogenetic tree with loss of chromosome 3p over a long course of advanced disease evolution. 34, 35, 37 This study highlights the variability in mutational signatures that can occur during the development of large renal tumors. VHL gene mutation along with 3p loss was universally found in each sample from each tumor similar to studies by Martinez et al 47 demonstrating loss of 3p in 440 tumor samples from eight patients. As such, it is considered to be a truncal mutation that presents early in the phylogenetic tree found early in the tumor initiation process. The investigators found other driver mutations in the SETD2, BAP1, PBRM1, and TP53. 47 However, these genes could in fact function as facultative truncal drivers if acquired early, on the other hand, such events could also occur on the 'branches' of the tree. 34, 35, 37 In this regard, the genes were heterogeneously dominant driver events. Studies have also identified positive relationship between Chromosome 7 gain and MET gene copy number both type I and type II papillary RCCs in addition to MET protein expression. The loss of chromosome 3p was associated with type 2 papillary RCC and these carried frequent concurrent SETD2 mutations and mutually exclusive BAP1 and BPRM1. 7, [48] [49] [50] Other data also support a parallel progression method in which individual tumors acquire diverse copy number profiles after the loss of 3p. 7, 31, 33, 35 As a result, for targeted therapy of a substantial heterogeneous genomic tumor, targeting the ubiquitous aberrations may provide a logical method. If no response or partial response is found, then looking for secondary targets such as SETD2, BAP1, PBRM1, and TP53 could be employed.
The scope of our study did not include the investigation of these important genetic and chromosomal alterations, which may have a role in the molecular interplay. For example, frequencies of other (post 3p loss) genomic alterations suggest that 40-96% of these large chromosomal aberrations are heterogeneous especially if occurring late in progression. Moreover, at the current time the precise mechanisms for PBRM1, biallelic SETD2 and BAP1 tumorigenesis promotion are unknown. 12 A recent study published in abstract form showed expression of BAP1 in 48 of 53 primary clear cell RCC and 18 of 19 expressions in the corresponding metastases (no clinical outcomes provided). 51 Although it is a small study, the ubiquitous expression results raise questions regarding the mechanistic implications. While this area is ripe for investigation, until we have a greater understanding of the complex paracrine interactions and polygenetic resistance mechanisms of these temporal cancer subclones, targeting a dominant truncal driver may provide a more effective means of drug development. 12, 31, 47 The major limitations of this study are the number of subjects. As with any retrospective study there is the potential for selection bias, recall bias, and potential impact of unknown confounders. In this study, the effects of selection and analytical bias were minimized by the blinded method of tissue selection, blinded FISH analysis, and sequential batch analysis method. The effect of recall bias and confounding variables were minimized by a single institution study with both centralized specimen procurement, and reporting and subsequent clinical follow-up.
In summary, subtyping of metastatic RCC has become increasingly important with the emergence of novel targeted therapies for specific subtypes. Additionally, as the branched tumor evolution of RCC is further explored, ubiquitous mutations on the trunk of phylogenetic tree are identified with corresponding branched tumor mutational diversity. This study demonstrated genomic fidelity among driver chromosomal alterations between matched primary and metastatic clear cell, papillary and chromophobe RCC. The findings may have important clinical and diagnostic implications for management of advanced RCC.
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